1. Introduction {#sec1}
===============

Astronauts are in the compound environments of microgravity and airtight during the flight mission \[[@bib1], [@bib2], [@bib3], [@bib4]\]. These environments seriously affect the physical and mental health of astronauts \[[@bib5], [@bib6], [@bib7], [@bib8]\]. In particular, special work in high-stress environment, poor sleep conditions caused by microgravity environment, and loneliness caused by a confined habitat cause their psychological problems such as anxiety and decline of cognitive function \[[@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. Long term anxiety reduces the immune function of astronauts and further damages their health \[[@bib14],[@bib15]\]. Besides, the decline in cognitive function decreases the efficiency of astronauts and further affects the space mission.

The traditional way to raise the level of astronauts\' physical and mental health is to relax them through hearing, vision and touch, such as listening to music, watching movies, and playing video games \[[@bib16]\]. However, these methods are all intentionally doing some things, which waste the time and energy of astronauts and make them tired. Besides, drug therapy can also improve the physical and mental health of astronauts. However, the drugs have side effects. In addition, astronauts are not easy about mentally accepting medication.

Fragrances have the function of regulating the central nervous system and aromatherapy has been widely used in anti-anxiety and improving cognitive memory \[[@bib17], [@bib18], [@bib19], [@bib20]\]. There is an ancient Chinese poem that on the heels of the wind it slips secretly into the night; silent and soft, it moistens everything. The aromatherapy is carried out in moistening things softly and silently. So, it does not consume the time and energy of astronauts and does not make the astronauts tired. However, most kinds of fragrances are highly volatile \[[@bib21], [@bib22], [@bib23], [@bib24]\]. So, fragrant molecules are released into the air completely in a short time. The high and unstable concentration of fragrant molecules in the air seriously weakens the effect of aromatherapy on astronauts and may cause astronauts discomfort. Besides, fragrances need to be added to the daily necessities of astronauts for more convenient aromatherapy. Therefore, the keys to improving the effect of aromatherapy on astronauts are to slow down the release rate of fragrances and the firm adhesion of fragrances molecules on the daily necessities of astronauts.

With the developments of nanotechnology and material chemistry, many kinds of nanomaterials have been used to load and slow-release guest molecules. For example, nanomaterials such as liposomes or micelles can encapsulate the guest molecules and prevent the release of the guest molecules by their dense shells \[[@bib25], [@bib26], [@bib27], [@bib28]\]. The cationic nanomaterials can adsorb anionic guest molecules through electrostatic interaction \[[@bib29], [@bib30], [@bib31]\]. Many nanoparticles can form chemical bonds with guest molecules, thus loading and controlling the release of guest molecules \[[@bib32], [@bib33], [@bib34], [@bib35], [@bib36]\]. However, most fragrant molecules are highly volatile, neutral, and lack of chemical groups that can form chemical bonds with nanomaterials. Therefore, the above nanomaterials are not suitable for the encapsulation of fragrant molecules. In contrast, mesoporous silica nanoparticles (MSNs) have strong adsorption capacity for volatile molecules due to their large specific surface area \[[@bib37], [@bib38], [@bib39]\]. The adsorption phenomenon depends on the interaction between the adsorbent surface and the adsorbate. These effects mainly include chemical bonds, hydrogen bonds, hydrophobic bonds, and van der Waals forces \[[@bib40]\]. Therefore, MSNs are suitable for encapsulation and slow release of fragrance molecules. Paper is the most commonly used material in the daily life of astronauts, such as books, notebooks, and wallpapers. Therefore, the paper is an ideal choice for the adhesion of fragrances.

In this study, reactive MSNs were designed and prepared to encapsulate limonene for the application to wallpaper. As shown in [Fig. 1](#fig1){ref-type="fig"}A, MSNs modified with a large number of amino groups were synthesized and named MSNs-NH~2~. The MSNs-NH~2~ formed covalent bonds with cyanuric chloride (CYC) to obtain CYC modified MSNs (MSNs-CYC). The MSNs-CYC physically adsorbed the fragrant molecules limonene into their mesoporous structures to obtain the limonene-loaded MSNs-CYC. Wallpaper is a fiber structure formed by macromolecular polysaccharides such as cellulose. Therefore, there are a lot of hydroxyl groups on the surface of the wallpaper. CYC is an important component of reactive dyes. It is mainly used to form a strong covalent connection with the amino groups or hydroxyl groups on the surface of the substrate, to avoid the dye falling off the substrate. Therefore, MSNs-CYC could form strong covalent bonds with wallpaper, which improve the adsorption capacity of the nano-fragrances and prevent them from falling off the wallpaper. As shown in [Fig. 1](#fig1){ref-type="fig"}B, mice were cultured at the simulated microgravity condition by hindlimb unloading (HU) with −30° angle \[[@bib41]\]. The long and thin mesoporous structure of MSNs-CYC and their strong adsorption capacity for fragrance led to the slow release of limonene. The effects of slowly released limonene on improvement in physical health, anti-anxiety, and improvement of learning and memory of mice were evaluated. The mechanisms were explored by the measurements of hypothalamic--pituitary--adrenal (HPA) axis related hormones, immune-related cytokines, learning, and memory-related neurotransmitters and proteins.Fig. 1(A) The schematic diagram of the preparation of MSNs-CYC, the encapsulation of limonene, and the application of limonene loaded MSNs-CYC to wallpaper. (B) The effects of slowly released limonene on anti-anxiety and improvement of learning and memory of the mice that cultured at simulated microgravity condition.Fig. 1

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Limonene (95%), super dry tetrahydrofuran (THF, 99.5%), cyanuric chloride (CYC, 99%), (3-aminopropyl) triethoxysilane (APTES, 99.5%) were purchased from Energy Chemical. Hexadecyltrimethylammonium bromide (CTAB, 99%) and Tetraethylorthosilicate (TEOS, 98%) were purchased from J&K Scientific. N, N-diisopropylethylamine (DIPEA, 99%) was obtained from Tokyo Chemical Industry (TCI). Ammonium hydroxide (28%), dichloromethane (99%), acetone (99%), methanol (99%), hydrochloric acid (HCl, 36.5%), and ethanol (99%) were purchased from Sinopharm Chemical Reagent CO., Lt.

2.2. Preparation of MSNs-CYC {#sec2.2}
----------------------------

CTAB (400 mg) was added into deionized water (140 mL) under the ultrasonic condition for 15 min. Ammonium hydroxide (3.5 mL) was then added into the solution under stirring for 30 min. When the solution was clear, TEOS (1.8 mL) and APTES (0.2 mL) were added rapidly into the surfactant sol under stirring for 2 h. The white precipitate was separated by filtration, washed with ethanol, and dried under vacuum for 12 h 1 g of the product was then re-dispersed into the mixture of ethanol and HCl (100 mL/1 mL, v/v) to extract CTAB. After refluxed three times at 80 °C for 24 h, the product was collected by centrifugation (4000 rpm) and extensively washed with deionized water and ethanol, which was denoted as MSNs-NH~2~ \[[@bib42]\].

Finally, the MSNs-NH~2~ (100 mg) and cyanuric chloride (500 mg) were dissolved in THF (10 mL) under the sonicated condition for 10 min. DIPEA (500 μL) was then added into the solution under stirring at 0 °C. After 12 h, the product was collected by centrifugation (4000 rpm), washed with dichloromethane, acetone, methanol, and dichloromethane successively and dried under vacuum overnight, which was denoted as MSNs-CYC \[[@bib43]\]. The modification of cyanuric chloride on the surface of MSNs was detected by Fourier transform infrared spectroscopy (FT-IR) and Raman spectra at 325 nm. The morphology of MSNs-CYC was observed by scanning electron microscopy (SEM) (JSM-6700F electron microscope) operating at an acceleration voltage of 10 kV and transmission electron microscopy (TEM) (JEM2100 electron microscope) operating at an acceleration voltage of 100 kV. The particle size distributions of MSNs-NH~2~ and MSNs-CYC were measured by dynamic light scattering (DLS). The pore properties were detected via nitrogen adsorption-desorption isotherms. MSNs-CYC were heated at 180 °C to degas for 8 h. Then, the specific surface areas, pore size, and pore volume were measured and calculated by the Brunauer-Emmett-Teller (BET) method.

2.3. Preparation of LE\@MSNs-CYC {#sec2.3}
--------------------------------

Briefly, limonene (5 mL) was added into ethanol (10 mL) under the ultrasonic condition for 10 min. MSN-CYC (80 mg) was then added into the solution under vigorous stirring for 24 h. The content of limonene was measured by thermogravimetric analysis (TGA) \[[@bib44]\].

2.4. Preparation of LE\@MSNs-CYC treated wallpaper {#sec2.4}
--------------------------------------------------

The wallpaper (160 cm^2^) was completely immersed in LE\@MSNs-CYC solution under stirring at room temperature. After 24 h, the wallpaper was then dried at 50 °C for 2 h in an oven to obtain LE\@MSNs-CYC treated wallpaper. The morphology of LE\@MSNs-CYC-W was observed by SEM \[[@bib45]\].

2.5. Measurement of the release of limonene {#sec2.5}
-------------------------------------------

LE\@MSNs-CYC (2 mL) were put in a dialysis bag (MWCO 3500) and incubated in deionized water (100 mL) at room temperature under horizontal shaking (200 rpm). At predetermined time intervals, deionized water (0.5 mL) was removed and the same volume of fresh solution was added. The quantification of the limonene was assessed using a gas chromatographer (GC) equipped with an HP-5 capillary column (30 m × 0.32 mm, 0.25 μm). The oven temperature program was initially set at 60 °C then raised to 150 °C at a heating rate of 20 °C/min. The flow rate of the carrier gas was 1 mL/min and the injector temperatures were set at 250 °C.

The release rate calculation formula is as follows:$$\text{release}\mspace{9mu}\text{rate}{(\text{\%})} = \text{W}1\text{/W}2 \times 100\text{\%}$$Where W~1~ was the weight of limonene in ultrapure water, W~2~ was the weight of total limonene in the NPs.

2.6. Animals {#sec2.6}
------------

Female C57 mice (10 weeks) were purchased from the Academy of Military Medical Sciences of China. All procedures involving experimental animals were performed in accordance with protocols approved by the Committee for Animal Research of Peking University, China.

2.7. HU treatment {#sec2.7}
-----------------

The HU treatment was performed by tail suspension according to the previous works of our laboratory \[[@bib41],[@bib46]\]. Briefly, a 26 cm × 26 cm × 30 cm ground glass box with a crossbar was used for tail suspension. Two-thirds of the proximal tails were laterally bonded with adhesive sponge tape strips. The longitudinal strips were then fixed to the tail by medical tape strips wound circumferentially along the length of the tail. The mice were suspended by a small chain on the crossbar at the top of the cage. While the forelimbs remained in contact with the bottom of the cage, the length of the chain was adjusted as necessary to prevent the hind limbs of mice from touching any supportive surface. These animals were maintained at a 30° head-down tilt. LE\@MSNs-CYC treated wallpaper, free limonene treated wallpaper, and untreated wallpaper were pasted on the ground glasses of glass box, respectively. The normal animals were maintained in the same environment as the HU treated mice, but without tail suspension and wallpaper.

2.8. Elevated plus-maze test {#sec2.8}
----------------------------

The elevated plus-maze consisted of two open arms and two closed arms, 10 × 50 (length × width) and the two arms of each type were opposite to each other. The maze was elevated 50 cm above the ground. The mice were then placed individually in the elevated plus-maze. The following parameters were automatically recorded by a video camera for 5 min: distance traveled in all the maze and the open arms of the maze \[[@bib47]\].

2.9. Light-dark transition test {#sec2.9}
-------------------------------

The apparatus for the light-dark transition test consisted of a cage divided into two chambers of equal size by a partition with a tunnel that allowed passage from one compartment to the other. One chamber is brightly illuminated by white diodes, whereas the other chamber is dark. The mouse was placed in the center of the light area with its back to the opening. The following parameters were automatically recorded by a video camera for 5 min: 1) Trajectory and the total distance of mice. 2) The movement distance of mice in the illuminated part of the cage. 3)The number of times the mouse entered the illuminated part of the cage \[[@bib48]\].

2.10. Novel object recognition test {#sec2.10}
-----------------------------------

The novel object recognition test is a learning and a memory test method based on the principle that animals have a congenital tendency to explore new objects. In the habituation phase, the mouse was placed into individual square wooden boxes (60 cm × 60 cm × 60 cm) containing the same two objects for 5 min, and returned quickly to its housing cage. After 24 h, the mice were placed into the arena containing two different objects, one of which was replaced with a new object that differed in shape, color, and texture. Animals were allowed 5 min to explore. The following parameters were automatically recorded by a video camera: 1) Trajectory and the total distance of mice. 2) The times of exploration of the two objects. 3) The movement distance of mice to explore novel objects \[[@bib49]\].

2.11. Morris water maze test {#sec2.11}
----------------------------

The experimental training period was 4 days and the mice were trained 4 times each day. The method of the experimental training stage is as follows. The mice were placed individually into the pool from four quadrants. The time that the mice reached the platform from the water and standing on it was recorded as the latency time. After finding the platform, the mice were allowed to stand on the platform for 10 s. If the rats stayed in the water for more than 90 s, they were gently dragged out of the water onto the platform and held there for 10 s before the next training. After the training, the platform was removed. The mice were placed individually in the pool facing the pool wall. The ratio of the time in the original quadrant of the total time was recorded, and the number of times that the rat crossed the original platform in 90 s was measured \[[@bib50]\].

2.12. The measurement of neurotransmitters, corticosteroids and {#sec2.12}
---------------------------------------------------------------

The content of dopamine (DOPA), acetylcholine (ACH) glutamic acid (Glu), and γ-aminobutyric acid (GABA) in the brain were detected as representative neurotransmitters by liquid chromatography-mass spectrometry (LC-MS). The processing method and testing conditions referred to the previous work of our laboratory \[[@bib51]\]. The expression level of cortisol and corticosterone in serum was also detected by LC-MS. Briefly, ether (500 μL) was added into serum samples (800 μL) and whirled for 5 min. The upper organic phase was collected by centrifugation (10000 rpm) and then repeat the above steps once. The products were blown dry with nitrogen and then dissolved by methanol (200 μL), fully whirled for 3 min and centrifuged at 10000 r/min for 10 min 100 μL of supernatant was taken to test by LC-MS.

2.13. Measurement of adrenocorticotropic hormone (ATCH), IL-6 and IL-β {#sec2.13}
----------------------------------------------------------------------

The levels of ATCH, IL-6, and IL-β in the serum were detected by using the ELISA kit according to the manufacturer\'s protocols. Briefly, the serum samples were added to a 96-well ELISA plate and then reacted with relevant primary antibodies and horseradish peroxidase-labeled streptavidin. 3,3′,5,5′-Tetramethylbenzidine (TMB) was used as the substrate, and the absorbance was measured by a microplate reader.

2.14. Western blot analysis {#sec2.14}
---------------------------

The expression of synaptophysin (SYP), brain-derived neurotrophic factor (BDNF) and neurotrophic factor-3 (NTF-3) were measured by the Western blot. Briefly, The protein was separated by 10% SDS-PAGE and transferred to a nitrocellulose membrane (Millipore, USA). The membrane was then blocked with 5% skimmed milk in PBST and then incubated with primary antibody anti-SYP (1:10000), anti-BDNF (1:5000), anti-NTF-3 (1:2000), and anti-GAPDH (1:20000), respectively. The blots were washed five times in TBST before incubation with the appropriate secondary antibody and then visualized by ECL chemiluminescene Kit (Millipore, USA). The grey intensity of the western-blot bands was quantitatively analyzed by ImageQuant software.

2.15. Statistical analysis {#sec2.15}
--------------------------

All data were expressed as mean ± SD unless otherwise indicated. Statistical significance was analyzed using one-way ANOVA. Statistical differences in behavioral data were determined using two-way repeated measure ANOVA.

3. Results and discussion {#sec3}
=========================

3.1. Preparation and characterization of LE\@MSNs-CYC treated wallpaper {#sec3.1}
-----------------------------------------------------------------------

The MSNs with amino groups were prepared by a sol-gel method to modify CYC and the template CTAB was removed by extraction. The MSNs-CYC were then synthesized by a substitution reaction of MSNs-NH~2~ with CYC. As shown in [Fig. 2](#fig2){ref-type="fig"}A-C, there was no difference in morphology and size between MSNs-NH~2~ before CTAB removal, MSNs-NH~2~ after CTAB removal and MSNs-CYC. All of them were spherical and the diameters were about 160 nm. The distribution statistics of particle size was measured by dynamic light scattering (DLS). As shown in [Fig. 7](#fig7){ref-type="fig"}D, the diameters of MSNs-NH~2~, MSNs-CYC, and LE\@MSNs-CYC were 122.4, 132.5, and 141.8 nm, respectively. Subsequently, the internal structures of silica nanoparticles were observed by TEM. As shown in [Fig. 2](#fig2){ref-type="fig"}E, there were unclear pore structures only at the edge of nanoparticles. This is due to the large amount of CTAB in the pores of silica nanoparticles. After removing CTAB, the clear pore structure of MSNs-NH~2~ was observed ([Fig. 2](#fig2){ref-type="fig"}F). The MSNs-CYC were shown in [Fig. 2](#fig2){ref-type="fig"}G. After the modification of CYC, the morphology of nanoparticles did not change significantly. This is because that CYC was a small molecule that was difficult to be observed by TEM.Fig. 2(A--C) The SEM images of (A) MSNs-NH2 with CTAB, (B) MSNs-NH2 without CTAB and (C) MSNs-CYC. (D) The diameters of MSNs-NH2, MSNs-CYC, and LE\@MSNs-CYC by DLS. (E--G) The TEM images of (E) MSNs-NH2 with CTAB, (F) MSNs-NH2 without CTAB, and (G) MSNs-CYC.Fig. 2

The chemical groups of MSNs-NH~2~ and MSNs-CYC were detected by FT-IR ([Fig. 3](#fig3){ref-type="fig"}A). For the FT-IR spectrum of CYC, the adsorption peak at 1512.9 cm^−1^ was assigned to the cyanuric ring vibrations. The FT-IR spectrum of MSNs-NH~2~ presented the O--H, Si--O--Si stretching vibrations, and the N--H deformation vibrations of primary amine at 3402.6, 1100.8 and 1598.3 cm^−1^. As shown in the FT-IR spectrum of MSNs-CYC, the adsorption peaks at 1516.6 and 1565.2 cm^−1^ were ascribed to the cyanuric ring vibrations and N--H deformation vibrations of secondary amine. These results proved that CYC was modified on silica nanoparticles. The chemical structure of MSNs-CYC was also detected by Raman spectra. As shown in [Fig. 3](#fig3){ref-type="fig"}B, the adsorption peak at 983.3 cm^−1^ was ascribed to the triazine ring of CYC. The adsorption peak at 432.8 cm^−1^ was assigned to the C--Cl vibration of CYC. The adsorption peak of 1465.6 cm^−1^ was attributed to the C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000N vibration of CYC. The adsorption peak of 1108.4 cm^−1^ was assigned to the new C--N deformation vibrations of secondary amine. These results also proved that CYC was modified on silica nanoparticles.Fig. 3(A) The FT-IR spectra of limonene, CYC, MSNs-NH2, MSNs-CYC, and LE\@MSNs-CYC. (B) The Raman shifts of CYC and MSNs-NH2, MSNs-CYC, and LE\@MSNs-CYC. (C) The N2 adsorption-desorption isotherm at 77 K for MSNs-NH2, MSNs-CYC, and LE\@MSNs-CYC. (D) The pore diameter distribution of MSNs-CYC. (E) The TGA curves of limonene, MSNs-CYC, and LE\@MSNs-CYC. Mean ± SD was shown (n = 3). (F) The release profiles of free limonene and LE\@MSNs-CYC. (G) The SEM image of LE\@MSNs-CYC treated wallpaper. (H) The SEM image of LE\@MSNs-NH2 treated wallpaper.Fig. 3

Subsequently, limonene was adsorbed into the mesoporous structure of MSNs-CYC. For the FT-IR of limonene ([Fig. 3](#fig3){ref-type="fig"}A), the 1647.1 cm^−1^ was ascribed to the CC stretching. The 2863, 2933, and 2979 cm^−1^ were ascribed to the C--H stretching. In the FT-IR of LE\@MSNs-CYC, the CC stretching and C--H stretching of limonene were clearly observed. These results indicated that limonene was encapsulated into MSNs-CYC. The properties related to mesopores of MSNs-NH~2~, MSNs-CYC, and LE\@MSNs-CYC were detected by a method of N~2~ adsorption-desorption isotherm ([Fig. 3](#fig3){ref-type="fig"}C). The pore diameter, specific surface area, and pore volume were calculated based on the N~2~ adsorption-desorption isotherm. As shown in [Fig. 3](#fig3){ref-type="fig"}D, the pore diameters of MSNs-NH~2~, MSNs-CYC, and LE\@MSNs-CYC were about 4.83, 4.08, and 1.94 nm, respectively. After modifying CYC, the pore size of MSNs-CYC was slightly reduced. But after encapsulating limonene, the pore size of LE\@MSNs-CYC was significantly reduced. The specific surface areas of the pore diameters of MSNs-NH~2~, MSNs-CYC, and LE\@MSNs-CYC were about 849.28, 701.63, and 120.03 m^2^/g, respectively. The pore volumes of MSNs-NH~2~, MSNs-CYC, and LE\@MSNs-CYC were about 1.03, 0.81, and 0.13 cm^3^/g, respectively. After encapsulating limonene, the specific surface area of LE\@MSNs-CYC was only 17% of MSNs-CYC. The pore volume of LE\@MSNs-CYC was only 16% of MSNs-CYC. These results indicated that Limonene was effectively encapsulated by MSNs-CYC.

The limonene loading efficiency of LE\@MSNs-CYC was measured by a TGA method. As shown in [Fig. 3](#fig3){ref-type="fig"}E, the free limonene began to decompose at 37.3 °C and completely decomposed at 109.3 °C. By comparison, the decomposition of limonene in LE\@MSNs-CYC was started at about 80 °C and completed at about 500 °C. These results showed that the thermal stability of limonene was improved after being encapsulated by MSNs-CYC. The loading efficiency of LE\@MSNs-CYC was calculated as 29.82% according to the results of TGA. Several reports notified that the physical adsorption resulted in the poor encapsulation and the loading efficiencies were about 10% \[[@bib52],[@bib53]\]. This was mainly because the drugs they encapsulated were solid. Therefore, these solid drugs must be dissolved in the solvent during the adsorption process. The solid drug would enter the MSNs together with the drugs, thereby reducing the loading efficiency. In contrast, limonene is liquid. Therefore, limonene did not need to be dissolved in the solvent during the adsorption process. In other words, only limonene was encapsulated into MSNs, thereby improving the loading efficiency. The releases of limonene were then detected. As shown in [Fig. 3](#fig3){ref-type="fig"}F, more than 85% of free limonene was released within 8 h. At 24 h, limonene was released completely. In contrast, less than 10% of the fragrance was released from LE\@MSNs-CYC. At 168 h (7 days), only 12.7% of limonene was released. These results demonstrated that LE\@MSNs-CYC had excellent properties of sustained releasing fragrance. It was precisely due to the narrow mesoporous structure and strong adsorption capacity of MSNs-CYC that provided excellent thermal stability and slow-release ability for encapsulated limonene.

In the following, the LE\@MSNs-CYC were applied to wallpaper. As a comparison, LE\@MSNs without CYC were also applied to the wallpaper. The wallpapers were characterized by SEM. As shown in [Fig. 3](#fig3){ref-type="fig"}G and H, more silica nanoparticles were adhered to the wallpaper after modifying CYC. That was to say, CYC could significantly improve the adhesion ability of silica nanoparticles on wallpaper.

The most critical scientific problem to be solved for the application of nano-fragrance on wallpaper was the firm adsorption of nanoparticles on wallpaper. This was essentially the interaction between wallpaper and nanoparticles. Chemical bonds were more powerful than physical adsorption. To evaluate the firmness of nanoparticle adsorption on the wallpaper, the wallpaper adhered by nanoparticles was soaked in deionized water under stirring and detected by SEM. As shown in [Fig. 4](#fig4){ref-type="fig"}A-C, almost no LE\@MSNs-CYC fell off the wallpaper in six days. By contrast, LE\@MSNs without CYC began to fall off the wallpaper on the second day and most of the LE\@MSNs fell off the wallpaper on the fourth day ([Fig. 4](#fig4){ref-type="fig"}D-F). On the sixth day, there were almost no LE\@MSNs on the wallpaper. These results indicated that the modification of CYC significantly improved the adhesion fastness of nanofragrance on wallpaper. This was because the silica nanoparticles can chemically react with the wallpaper and form plenty of covalent bonds after modified with CYC. Therefore, LE\@MSNs-CYC is a kind of reactive nanofragrance.Fig. 4(A--C) The SEM images of LE\@MSNs-CYC treated wallpaper after soaked in deionized water under stirring for (A) 2 days, (B) 4 days, and (C) 6 days, respectively. (D--F) The SEM images of LE\@MSNs treated wallpaper after soaked in deionized water under stirring for (D) 2 days, (E) 4 days, and (F) 6 days, respectively.Fig. 4

Although LE\@MSNs-CYC were proven to hardly fall off the wallpaper, the biocompatibility of LE\@MSNs-CYC treated wallpaper should be detected. Therefore, hematoxylin/eosin (HE) staining was performed to explicitly demonstrate the biocompatibility. As shown in [Fig. 5](#fig5){ref-type="fig"}, the major organs (heart, liver, spleen, lung, and kidney) were collected for HE staining. For LE\@MSNs-CYC treated mice, free limonene treated mice, untreated mice, and normal mice, there were no obvious histopathological lesions. Therefore, LE\@MSNs-CYC treated wallpaper had excellent biocompatibility.Fig. 5HE staining of hearts, livers, spleens, lungs, kidneys. The scale bars were 200 μm.Fig. 5

3.2. The effects of LE\@MSNs-CYC treated wallpaper on anti-anxiety of mice at simulated microgravity condition {#sec3.2}
--------------------------------------------------------------------------------------------------------------

The tails of mice were suspended to simulate a microgravity environment and the mice were maintained in a 30° head-down tilt. The mice were cultured with the fragrance treated wallpaper at the simulated microgravity condition for 28 days. Subsequently, the effects of LE\@MSNs-CYC treated wallpaper on anti-anxiety of mice were evaluated by elevated plus-maze tests and light-dark transition tests.

The elevated plus-maze consists of a pair of open arms and a pair of closed arms that are higher from the ground. The open arms are in contact with the outside while the closed arms are isolated from the outside. Anxiety levels in mice can be assessed by recording and quantifying the movement distributions of mice in the open and closed arms. Briefly, mice have paradoxical feelings of fear and curiosity about their arms. The movement in the arm means that mice overcome fear and explore novelties. Therefore, the higher the proportion of movement in the open arms, the lower the level of anxiety in the mice \[[@bib54],[@bib55]\]. The movements of mice in elevated plus-mazes were shown in [Fig. 6](#fig6){ref-type="fig"}A. Then, the total movement distances, movement distances in open arms, and percentages of movement distances in open arms were quantified. As shown in [Fig. 6](#fig6){ref-type="fig"}B-D, untreated mice had significantly less total movement distances, movement distances in open arms, and percentages of movement distances in open arms. These results indicated that the simulated microgravity condition significantly impaired the movement ability of mice and increased the anxiety level of mice. Compared with free limonene treated mice and untreated mice, the exercise capacity of LE\@MSNs-CYC treated mice was significantly improved, and their anxiety levels were significantly reduced.Fig. 6(A) The movements of mice in the elevated plus-mazes. (B--D) The quantified results of [Fig. 6](#fig6){ref-type="fig"}A. (E) The movement of mice in light-dark transition tests. (F--H) The quantified results of [Fig. 6](#fig6){ref-type="fig"}E. Mean ± SD was shown (n = 12). \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.005.Fig. 6Fig. 7(A) The content of corticosterone in the serum of mice. (B) The content of cortisol in the serum of mice. (C) The content of ATCH in the serum of mice. (D) The content of GABA in the brains of mice. (E) The content of IL-1β in the peritoneal macrophages of mice. (F) The content of IL-6 in the peritoneal macrophages of mice. (G) The body weights of mice after cultured for 28 days. (D) The body weight rate of mice after cultured for 28 days. Mean ± SD was shown (n = 3). \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.005.Fig. 7

The light-dark transition test was performed in a device that consisted of a bright box and a dark box. Mice prefer a dark environment to a strong light environment. The exploratory habits of mice prompted them to explore the light box. However, the stimulation of bright light in the open box inhibited the exploratory activities of mice.

When the anxiety level of mice decreased, their exploratory activity increased. Therefore, the anxiety level of mice can be evaluated by recording and quantifying the movements of mice in the light box and dark box \[[@bib56],[@bib57]\]. The movements of mice were recorded in [Fig. 6](#fig6){ref-type="fig"}E. The quantified results were shown in [Fig. 6](#fig6){ref-type="fig"}F-H. Compared with the normal mice, the movement distances in light box, percentage of movement distances in light box, and the number of entries in light box of untreated mice were significantly reduced, which were consistent with the results of the elevated plus-maze tests. Compared with the mice treated with free limonene and untreated mice, the LE\@MSNs-CYC treated mice moved more in the open box. These results demonstrated that the simulated microgravity condition significantly induced anxiety in mice and LE\@MSNs-CYC could minimize this level of anxiety, which were consistent with the results of the elevated plus-maze tests.

The HPA axis is an important part of the neuroendocrine system, which participates in the control of stress response and regulates many physiological activities \[[@bib58], [@bib59], [@bib60]\]. In particular, the HPA axis is closely related to anxiety \[[@bib61],[@bib62]\]. Simply put, the stress response in anxiety states stimulates the HPA axis, which in turn promotes the secretion of hormones such as corticosterone, cortisol, and ATCH. The increased secretion of these hormones will further aggravate anxiety symptoms in mice \[[@bib63], [@bib64], [@bib65]\]. As shown in [Fig. 7](#fig7){ref-type="fig"}A-C, the simulated microgravity condition significantly increased the secretions of corticosterone, cortisol, and ATCH in the serum of mice. But the levels of these hormones declined significantly when the mice were treated by LE\@MSNs-CYC. These results indicated the anti-anxiety effect of LE\@MSNs-CYC at hormone levels. GABA is an inhibitory neurotransmitter and is closely related to anxiety \[[@bib66],[@bib67]\]. The contents of GABA in the brain of mice were measured by LC-MS. As shown in [Fig. 7](#fig7){ref-type="fig"}D, the GABA contents in the brain of mice decreased significantly after cultured at the simulated microgravity condition. But, compared with free limonene, the contents of GABA in the brain of mice increased significantly after treated with LE\@MSNs-CYC. This might be one of the molecular mechanisms of the anti-anxiety effects of LE\@MSNs-CYC.

HPA axis is also closely related to immunity. In short, the HPA axis is stimulated to promote the secretion of corticosterone, cortisol, and ATCH under stress, which leads to the impairment of immune function. IL-1β and IL-6 are key cytokines related to immune function. As shown in [Fig. 7](#fig7){ref-type="fig"}E and F, both the contents of IL-1β and IL-6 in peritoneal macrophages were significantly increased after cultured at the simulated microgravity condition. Besides, compared with free limonene, both the contents of IL-1β and IL-6 were reduced after treated with LE\@MSNs-CYC. These results indicated that the simulated microgravity condition caused the change of immune function in mice and LE\@MSNs-CYC could mitigate this change. The change of immune function directly could affect health. Body weight is an important index to evaluate the health of mice. As shown in [Fig. 7](#fig7){ref-type="fig"}G and H, after 28 days, the weight of normal mice increased by 4.74%, while that of mice cultured at simulated microgravity condition decreased by 1.30%. After free limonene treatment, the weight of mice decreased by 4.39%. This might be since most of the free limonene was released into the air in a short time, resulting in extremely high concentrations of fragrance in the air. The strong aroma had side effects on mice. In contrast, the weight of mice increased by 5.08% after treated with LE\@MSNs-CYC. These results indicated that the simulated microgravity condition significantly impaired the health of mice. After LE\@MSNs-CYC treatment, the health of mice was significantly improved.

3.3. The effects of LE\@MSNs-CYC treated wallpaper on learning and memory improvement of mice at simulated microgravity condition {#sec3.3}
---------------------------------------------------------------------------------------------------------------------------------

Morris water maze tests are the most commonly used method to evaluate the spatial memory of animals. Simply put, mice were trained to find an underwater platform during the first four days of the tests. The time required for the mice to find the underwater platform was latency. Therefore, a short latency meant good spatial memory in the first four days. On the fifth day, the underwater platform was removed. Therefore, mice with better spatial memory were more likely to swim in the area where the original platform was located on the fifth day \[[@bib68],[@bib69]\]. The swimming routes of mice on the fifth day were shown in [Fig. 8](#fig8){ref-type="fig"}A. As shown in [Fig. 8](#fig8){ref-type="fig"}B-D, the spatial memory ability of mice was significantly reduced after cultured at simulated microgravity conditions. But after treated with LE\@MSNs-CYC, the spatial memory ability of mice recovered a lot. In contrast, the spatial memory of mice recovered poorly after treated with free limonene.Fig. 8(A) The swimming routes of mice in Morris water maze. (B--D) The quantified results of [Fig. 8](#fig8){ref-type="fig"}A. Mean ± SD was shown (n = 24). \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.005.(E) The movement of mice in novel object recognition tests. (F--H) The quantified results of [Fig. 8](#fig8){ref-type="fig"}E. Mean ± SD was shown (n = 6). \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.005.Fig. 8

The ability of mice to remember specific things was evaluated by novel object recognition tests. In short, two identical objects were placed in two places of the box to be observed by the mice on the first day. On the second day, one of the original objects was replaced by a new one. Mice instinctively explore novel objects. Therefore, if mice remembered the original object well, they would tend to explore the new object \[[@bib70],[@bib71]\]. The movements of mice in the boxes were shown in [Fig. 8](#fig8){ref-type="fig"}E. The exploration time of the novel object, the movement distance in the region of novel objects, and the number of crosses in the region of novel objects were quantified to more clearly analyze the exploration of mice for new objects. As shown in [Fig. 8](#fig8){ref-type="fig"}F-H, untreated mice had significantly reduced memories of the original objects compared with normal mice. This memory ability was significantly improved after treated with LE\@MSNs-CYC, while it was almost ineffective after free limonene treatment.

The memory ability of mice is closely related to the secretion of many neurotransmitters, especially DOPA, ACH, and Glu. Dopamine is a kind of monoamine neurotransmitters. The reduced contents of DOPA in the brain can lead to the loss, degeneration, or death of neurons, which further impairs learning and memory \[[@bib72],[@bib73]\]. ACH is choline neurotransmitters. They play an important role in regulating attention, memory, and response ability \[[@bib74],[@bib75]\]. Glu is a kind of amino acid neurotransmitters. It is the main excitatory nerve conduction medium in the brain. Besides, Glu plays an important role in learning and memory, neuronal plasticity, and brain development \[[@bib76],[@bib77]\]. Therefore, the contents of DOPA, ACH, and Glu in the brain were measured by LC-MS. As shown in [Fig. 9](#fig9){ref-type="fig"}A-C, the simulated microgravity condition significantly reduced the contents of these three kinds of neurotransmitters in the brain. The content of neurotransmitters did not increase significantly after free limonene treatment. By contrast, treatment with LE\@MSNs-CYC significantly increased the content of these neurotransmitters in the brain.Fig. 9(A--C) The contents of (A) DOPA, (B) ACH, and (C) Glu in the brain of mice. (D) western blot of SYP, BDNF, and NTF-3 in the brain of mice. (E--G) The quantified results of [Fig. 9](#fig9){ref-type="fig"}D. Mean ± SD was shown (n = 3). \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.005.Fig. 9

The expressions of many proteins are closely related to learning and memory function. SYP is a vesicle adsorption protein closely related to the structure and function of synapses. It is involved in the release of neurotransmitters including monoamine, choline, and amino acid. Therefore, the expression of SYP affects learning and memory \[[@bib78],[@bib79]\]. BDNF regulates the growth of synapses, dendrites, and axons, which in turn promotes learning and memory \[[@bib80],[@bib81]\]. NTF-3 was a kind of neurotrophic factors and closely related to learning and memory \[[@bib82],[@bib83]\]. The contents of SYP, BDNF, and NTF-3 were measured by Western blot. [Fig. 9](#fig9){ref-type="fig"}D showed the Western blot of SYP, BNDF and NTF-3. The quantified results of [Fig. 9](#fig9){ref-type="fig"}D were shown in [Fig. 9](#fig9){ref-type="fig"}E-F. The contents of SYP, BDNF, and NTF-3 in the brain were significantly reduced after the mice were cultured at simulated microgravity conditions. Free limonene slightly increased the expression of these three proteins. In contrast, the effects of LE\@MSNs-CYC on the three proteins were obvious.

4. Conclusion {#sec4}
=============

In conclusion, reactive mesoporous silica nanoparticles were prepared to encapsulate limonene and the fragrance loaded nanoparticles were named LE\@MSNs-CYC. LE\@MSNs-CYC could chemically react with the wallpaper, so it could firmly adhere to the wallpaper. The tails of mice were suspended to simulate a microgravity environment and the ground glasses were used to isolate mice from the outside world. Compared with free limonene, LE\@MSNs-CYC had better effects on anti-anxiety and improving learning and memory. Besides, LE\@MSNs-CYC could also regulate the immune function of mice that cultured at the simulated microgravity condition and protected the health of mice. Therefore, LE\@MSNs-CYC had the potential of aromatherapy for astronauts.
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